ABSTRACT.
In the research reported below, enzyme electrophoresis was employed to assess phylogenetic relationships, measure the degree of genetic variation, and determine the extent of gene exchange among populations of Zea. This study builds upon three previous studies of isozyme variation in Zea (Senadhira 1976; Mastenbroek et al. 1981; Smith et al. 1984) , but differs from previous work by including a substantially larger sample of the perennial members of the genus and a larger number of loci. Also included are some recently discovered annual populations from Jalisco and Durango, Mexico, that were not previously surveyed.
One purpose of this paper is to examine taxonomic relationships among the populations sampled. These populations occur over an extensive geographic region from Honduras to Chihuahua, Mexico. They are adapted to a broad range of environments, ranging from the seasonally arid savanna of the Mexican Central Plateau to the mesic montane forest of western Guatemala. They include both annuals and perennials, and, except for a few of the perennial populations, all are diploids. These populations have been treated taxonomically in two different fashions (table 1) by Wilkes (1967) and by Iltis and Doebley (1980) . Wilkes recognized two sections: sect. Zea for the cultigen maize (Z. mays) and sect. Euchlaena for the wild taxa, commonly called teosintes. He recognized two wild species: 1) Z. mexicana, a widespread, diploid (n = 10) annual, and 2) Z. perennis, a tetraploid perennial found only in Jalisco, Mexico. The emphasis in Wilkes's classification, however, was on his division of Z. mexicana into six allopatric races. In agreement with previous authors (Collins 1931; Longley 1941a, b) , Wilkes noted that his race Guatemala of southeastern Guatemala is distinct from all other teosintes. He considered race Huehuetenango of western Guatemala to be related to the Mexican annual teosintes. Wilkes also stated that races Chalco, Central Plateau, and Nobogame of central and northern Mexico are maize-introgressed forms of race Balsas of southwestern Mexico. Finally, 203 Iltis and Doebley (1980) and Wilkes (1967) Doebley and Iltis (1980) Wilkes noted that there are two forms of race Central Plateau-a robust, weedy type that invades maize fields, and a small, wild type that occurs in disturbed habits but does not invade maize fields. Iltis and Doebley (1980) recognized the following taxa: 1) sect. Luxuriantes, which contains three distinct species, Z. perennis, Z. luxurians (=Race Guatemala of Wilkes), and Z. diploperennis, a newly discovered diploid perennial from Jalisco, Mexico, unknown at the time of Wilkes's work; and 2) sect. Zea, with one species, Z. mays, which includes both the cultigen maize and all of Wilkes's races of Z. mexicana except Guatemala. Iltis and Doebley divided Z. mays into three subspecies: 1) subsp. mays (the cultigen, maize); 2) subsp. mexicana, a large-spikeleted form adapted to the arid high elevations (1800-2500 m) of northern and central Mexico, including three of Wilkes's races (Nobogame, Chalco, and Central Plateau); and 3) subsp. parviglumis, a small-spikeleted form adapted to the moister middle elevations (400-1700 m) of southwest Mexico (var. parviglumis) and western Guatemala (var. huehuetenangensis) .
Some differences and similarities between the Wilkes and the Iltis and Doebley systems need to be emphasized. Doebley and Iltis (1980) did not believe that maize is genetically or morphologically distinct enough to merit its own section within the genus. Rather, they treated maize and the annual teosintes of Mexico and western Guatemala as members of not only the same section, but the same species. This was done explicitly to recognize that they regard maize as a cultivated form of Mexican annual teosinte. Second, while Wilkes noted an affinity of race Huehuetenango of western Guatemala to the Mexican annuals, Iltis and Doebley (1980) were more specific, combining races Huehuetenango and Balsas into Z. mays subsp. parviglumis. Third, like Wilkes (1967) , Iltis and Doebley (1980) recognized race Guatemala to be distinct from all other teosintes and, accordingly, they treated it as a separate species. However, they noted a relationship between this annual and the perennial teosintes, all of which they combined in sect. Luxuriantes.
Another objective of this paper is to examine briefly the evidence for maize introgression into teosinte. Some authors have argued that such introgression is a major force shaping the morphology and genetics of the various teosintes (Collins 1921; Mangelsdorf 1947; Wilkes 1977; Bird 1978) . Other authors have contended that introgression is only a minor, unimportant factor, contributing little to variation among the teosintes (Kato 1976; Doebley 1984b) . In this report, five pairs of sympatric maize-teosinte populations are compared isoenzymatically in an effort to provide further evidence concerning introgression in Zea.
Finally, the degree of genetic variation ob-served among the teosintes is compared to other plant species for which isozyme data have been published.
MATERIALS AND METHODS
In 1978, Rafael Guzman reported that he had re-discovered Zea perennis, which was thought to be extinct in the wild, at two locations in Jalisco, Mexico, as well as discovered several new populations of annual teosinte in Jalisco (Guzman 1978a (Guzman , b, 1982 . Iltis et al. (1979) determined that plants from one of Guzman's localities represented a new diploid perennial (Z. diploperennis). Subsequently, Guzman, Iltis, and their associates discovered three additional sites for Z. diploperennis, all near the previously known locality for this species (Iltis 1980) . These collections made by Iltis et al. form the core of materials on which the work reported here was based. These collections were supplemented by other collections of the various annual, diploid teosintes, including many made by T. A. Kato. A population of Z. mays subsp. mexicana from Durango, Mexico, which was recently re-discovered by Doebley (1983b) , is also included.
Finally, five open-pollinated maize varieties collected from fields in Mexico and Guatemala, where they grew and hybridized with teosinte, were included for a total of 61 collections (table  2) .
Most of these 61 collections consist of seed collected in bulk in the wild; however, some collections have been increased under cultivation (table 2) . For the most part, we do not know how many plants contributed seed to the bulk collections. In this sense then, the accuracy with which each collection represents its population is unknown.
Seeds were germinated at 22?C in the dark for six days, at which point a 2.5 cm segment of coleoptile was removed, homogenized, and stored as previously described (Cardy et al. 1980; Stuber and Goodman 1983) . After removal of the coleoptile sample, plants of 35 of the 61 collections were transferred to greenhouses or field (Florida winter nursery) where they were grown to maturity in order to determine whether they were pure teosinte plants or maize-teosinte hybrids. This is important because all teosintes (including Z. perennis, pers. obs., Doebley) hybridize to some degree with maize in the wild, and it is generally preferable TABLE 2. List of collections of Zea analyzed including taxon name (abbreviation), location data, and number (N) of individuals assayed. # = collections consisting of seed increased under cultivation; * = collections grown in greenhouses or Florida winter garden to check for maize-teosinte hybrids. If hybrids were found, they were not used to calculate gene frequencies.
to eliminate hybrid plants when calculating allele frequencies. The exclusion of hybrid plants is especially important in assessing relationships as measured by the distribution of rare alleles. Otherwise, the same rare alleles derived from maize may be found in unrelated teosinte collections. Such information might be misinterpreted as evidence for a relationship between those teosinte collections. Of the 860 plants analyzed, 526 were checked and 14 of these were hybrids with maize.
Coleoptile extracts of each plant were electrophoresed in four separate gel systems (Cardy et al. 1980; Stuber and Goodman 1983) . Gel slices were then stained for 12 different enzyme systems, which produced isozyme bands coded for by 20 loci (table 3). These loci are distributed on at least seven of the 10 maize chromosomes (table 3; Goodman and Stuber 1983) . One additional locus, Mmm, which is a modifier locus changing the migration distances for isozymes encoded by Mdhl, Mdh2, and Mdh3, was also studied, making a total of 21 loci. After staining, the gels were scored for all 12 enzyme systems by the first author, and then checked by the second or third authors. Goodman and Stuber (1983) summarized the genetics of the enzymes we have studied.
Principal component analysis is used to assess relationships among the collections. In this analysis, each individual allele represents a character that may have a value from 0 to 1, corresponding to its frequency in a collection. Scores for each principal component were calculated using the variance-covariance matrix; therefore, the degree to which each allele contributes to the discrimination among collections depends on the among-collection variance for that allele. If the variance is large, then the contribution tends to be large. By this method, alleles that are either rare or vary little among collections contribute relatively little to discrimination among collections. It is often helpful when employing principal component analysis to consult a table of distances among collections. This is prudent because graphs of the first few principal components may not accurately represent the actual inter-collection distances, particularly when the percentages of variation represented by those components is small. In the principal component analysis, each individual collection was graphed separately. In addition to principal component analysis, Nei's coefficient (I) of genetic identity (Nei 1972 ) and a modified Rogers's distance (Wright 1978; cf. Gower 1972) are presented. The former may vary from 0, for collections that share no alleles in common, to 1, for collections that have the same alleles at the same frequencies. The latter is a simple Euclidean distance, standardized so that it varies from 0, for collections that have the same alleles at the same frequencies, to 1 for collections that share no alleles in common. While these two statistics vary inversely from 0 to 1, they are not simple inverses of one another, and their distributions between 0 and 1 are quite different. Rogers's distance is a more desirable taxonomic measure of the genetic distance among collections than either Nei's genetic identity or his genetic distance (Goodman 1973) , especially in cases where hybridization may be important. In such cases, Euclidean representation of parental populations and their derivatives is often helpful (Anderson 1949; Goodman 1967) .
To assess variability within collections and species, the following statistics were employed: actual heterozygosity-(H,) -the proportion of loci heterozygous in an individual averaged over all individuals in a collection; expected heterozygosity (H,) -the proportion of heterozygous loci one would find in a collection if the population were at Hardy-Weinberg equilibrium; and gene diversity (HT) -the proportion of heterozygous loci one would find in a taxon if all of its populations formed a single panmictic unit that was at Hardy-Weinberg equilibrium. Doebley 1984a) . Some other aspects of figure 1 need to be emphasized. First, collections of Z. perennis are completely distinct from Z. diploperennis. This agrees with morphology (Iltis et al. 1979 ) and cytoplasm genome studies (Timothy et al. 1982) for which these taxa are totally distinct. Thus, the isoenzymatic data are consistent with the view that these two perennial taxa are "good" species. Second, the three geographic races of Z. mays subsp. mexicana do not appear to be distinct from one another. This again agrees with morphology (Orozco 1979; Doebley 1983a) . Third, populations of Z. mays var. parviglumis from the Valle de Bravo in the western part of the state of Mexico (collections 29, 30, 31) are not distinct from other members of this variety and do not seem to merit separate taxonomic status (cf. Smith et al. 1981 Smith et al. , 1982 Z. mays subsp. mays does not stand alone, as Wilkes's placement of it in a separate section implies, but rather it shows complete overlap with Z. mays var. parviglumis (race Balsas). Other maize races may yield somewhat different results, especially considering the tremendous diversity within this cultigen. However, isozyme analysis of hundreds of Latin American maize collections suggest that maize shows its closest relationship to Z. mays var. parviglumis (Goodman and Stuber unpublished; Smith et al. unpublished) . In that maize cannot be distinguished from this teosinte, the isoenzymatic data are consistent with the theory that Mexican annual teosinte is the direct ancestor of maize (Galinat 1971; Iltis 1971; Beadle 1972; de Wet and Harlan 1972) . Fifth, the perennials, and especially Z. diploperennis, do not show a close relationship to maize or Z. mays subsp. mexicana, as suggested by some authors (Wilkes 1967; Smith et al. 1982) .
This last point merits some discussion. Not only does isoenzymatic evidence fail to show a close relationship between the perennials and maize, but so do other data, including tassel morphology (Doebley and Iltis 1980) , cytoplasmic DNAs (Timothy et al. 1979; Sederoff et al. 1981; Timothy et al. 1982) , nuclear DNA hybridization (Hake 1981), chromosome knobs (Pasupuleti and Galinat 1982) , and seed proteins (Smith and Lester 1980; Mastenbroek et al. 1981) . Further, the isozyme data presented here (figs. 1-2), as well as many of the studies cited above, show a loose affinity between Z. luxurians and the perennials. (Orozco 1979) , and they show no greater cytological similarity to subsp. mexicana than do other populations of var. parviglumis (Kato 1976) . The reason for the isoenzymatic similarity of the southern var. parviglumis to subsp. mexicana is not apparent, and this similarity does not seem to be supported by other data.
As discussed thus far, the isoenzymatic data show generally good agreement with both inflorescence morphology (Doebley 1983a ) and other data. But now we need to consider Z. mays var. huehuetenangensis (Huehuetenango teosinte). In figure 1 , this teosinte has a negative value for the first component, grouping with the teosintes of sect. Luxuriantes and showing a particularly close relationship to Z. perennis. In this figure, it apparently does not portray a close affinity to the Mexican annual teosintes. These relationships are partially correct and partially a mirage because this principal component analysis distorts some interpopulation distances while accurately portraying others. In table 5, Huehuetenango teosinte is about equidistant from all other groups but 
~~ 00000000~~~~0 000 0 0 N00 0 0CD0 0 0 0 00-0 0 000 fig. 2) . Thus, in regard to Huehuetenango teosinte, the isoenzymatic data reported here show that it is very different from all other Zea, but closest to Z. mays var. parviglumis. This result does not agree well with either male inflorescence morphology (Iltis and Doebley 1980) or with other morphological studies (Wilkes 1967; Smith et al. 1981) , all of which showed a much closer relationship between the two varieties of subsp. parviglumis. Similarly, it disagrees with cytoplasm DNA analysis (Timothy et al. 1979) , nuclear DNA hybridization studies (Hake 1981) , and seed protein studies (Smith and Lester 1980; Mastenbroek et al. 1981) , all of which showed a very close relationship between Huehuetenango teosinte and the other teosintes of sect. Zea. Cytological studies (Longley 1941a, b; Kato 1976; Smith et al. 1982) have shown Huehuetenango teosinte to be distinct from the Mexican annuals, but these data also indicated a closer relationship between Z. luxurians and Huehuetenango than is supported by isozymes (table 5) .
What then should be the taxonomic status of Huehuetenango teosinte? Isoenzymatic data and cytology both suggest that this teosinte be treated as a separate species. Morphology, seed proteins, and cytoplasm genomes suggest that it be considered conspecific with the Mexican annual teosintes and maize. Given that there is little morphological basis to support separate species status for this teosinte, this alternative seems taxonomically indefensible. Nor can we justify treating it as a mere race within Zea mexicana, or as a variety within Z. mays subsp. parviglumis. The best solution may be to treat it as a genetically distinct subspecies within the highly polymorphic Z. mays.
Isoenzymes and tassel morphology can be directly compared by presenting an average linkage cluster analysis for tassel morphology ( fig.  3 ) similar to the one presented for isozyme data ( fig. 2) . Figure 3 shows generally good agreement with isozyme data ( fig. 2) , with two exceptions. First, as discussed above, Huehuetenango teosinte clusters close to var. parviglumis for tassel data but does not do so for isozyme data. The morphological similarity of these two [Volume 9 teosintes may result in part from convergent evolution. Both vars. huehuetenangensis and parviglumis occupy seasonally moist (120-200 cm rainfall annually), middle elevation (400-1700 m) sites, and both have small seeds and spikelets and generally green, glabrous leaf sheaths. Second, maize shows a close relationship to var. parviglumis for the isozyme data but appears much more distinct for tassel morphology. The morphological differences between maize and teosinte probably arose during the domestication process, while isozyme profiles would probably be largely unaffected by artificial selection.
Finally, we should note that the tetraploid, Zea perennis, showed no fixed heterozygosity at any of the loci we examined. This is consistent with the hypothesized autopolyploid origin of this species (Shaver 1962) .
MAIZE INTROGRESSION INTO TEOSINTE
Zea has been cited as a model example of reciprocal introgression between a crop and its wild relatives (de Wet and Harlan 1972; Heiser 1973) . Nevertheless, the evidence for introgression of maize into teosinte has been largely circumstantial, and a rigorous consideration of this evidence failed to support the hypothesis that teosinte morphology has been noticeably altered by maize introgression (Doebley 1984b) . The isoenzymatic data presented here offer another opportunity to assess the degree of maize introgression into teosinte.
This study includes five sets of teosinte and maize populations that grew together in the same field. The maize collections (57-61) were obtained from fields with Z. mays var. huehuetenangensis (19), Z. mays subsp. mexicana (45, 38, 50) , and Z. diploperennis (1), respectively. At all five localities, hybrids between maize and teosinte were observed. Figure 1 shows that not one of these teosinte samples has a particularly close relationship to its corresponding maize population. Thus, it seems that these five teosinte populations maintain genetic distinctiveness from their sympatric maize population for traits other than those essential to their survival in the wild. Of the five pairs, teosinte collection 50 shows the closest relationship to its corresponding maize collection (60). However, this teosinte population (as judged by field observations) contained many F, hybrids with maize, and we did not check our sample to remove hybrid plants. Thus, the slight closeness of collection 50 to the maize collections may only be the effect of including hybrid plants when calculating the allele frequencies. This might also explain why this collection of Z. mays subsp. mexicana shows a closer relationship to Z. mays var. parviglumis than do other subsp. mexicana collections.
One of the most interesting results here concerns the three of the maize populations that were sympatric with Z. mays subsp. mexicana. This subspecies was considered by Wilkes (1967) to be a maize-introgressed form of Z. mays var. parviglumis (Balsas teosinte) and by Doebley and Iltis (1980) to be the most maize-like teosinte. The isozyme data do not support either conclusion. Zea mays subsp. mexicana does not appear to be a maize-introgressed form of var. parviglumis, nor is it genetically the most maize-like teosinte. Rather, figures 1 and 2 suggest that var. parviglumis is isoenzymatically the most maize-like form. It is difficult to attribute the maize-like isozyme profile of var. parviglumis to maize introgression, simply because hybridization in the Balsas river drainage, where this variety occurs, is rare (Wilkes 1977) . In three separate trips to the Balsas ragion, the first author found only a single maize-teosinte hybrid among hundreds of plants checked. Further, var. parviglumis, as noted by Wilkes (1977) , is a wild plant that occurs mostly in open woodlands, prairies, and roadsides. Thus, paradoxically, we seem to find the robust maize-like plants of Z. mays subsp. mexicana, which occur almost exclusively as weeds in or near cornfields, are isoenzymatically distinct from sympatric maize populations; and the more slender, wild plants of Z. mays var. parviglumis, which rarely occur in maize fields and grow mostly in wild places, are isoenzymatically very similar to maize. This unexpected result merits further studies with a larger sample of materials. Wilkes (1967 Wilkes ( , 1977 suggested that introgression accounted for the differences between the large, maize-like and small, weedy forms of race Central Plateau. Our collections 45, 49, and 52 are the small weedy type, and collections 46, 50, and 54 are the large maize-like form. Collections 46 and 50 show greater affinity to maize, and hybrids were common in these collections, offering some support for Wilkes's suggestions. figure 1 except for circled star, which is an average for outcrossing species (Gottlieb 1981) .
Specific isozyme data suggest that some individual plants could contain maize germplasm. A few plants of Z. luxurians (collection 13) had the allele Glul-7, a common maize variant that is unknown in sect. Luxuriantes, except for these few plants. One plant of Z. diploperennis (collection 1) had alleles Enpl-8 and Pgdl-3.8, both common in maize, but unknown, except for this plant, in sect. Luxuriantes. Interestingly, the two loci at which the alleles occur are tightly linked (5 map units apart) on chromosome 6 . Because this plant was homozygous for the usual isozymes of Z. diploperennis at other loci, and because it was a morphologically typical specimen of its species, the data suggest that a segment of chromosome 6 from maize has been successfully incorporated into Z. diploperennis.
ESTIMATES OF GENETIC VARIATION
In this section, we assess the degree of variability within the teosintes, as well as compare the isoenzymatic data for teosinte with that of other species. In figure 4 , the proportion of polymorphic loci per population (PLP) is graphed against average expected heterozygosity (I-s). In calculating PLP, a locus was considered polymorphic if its most common allele had a frequency of less than 99% (Gottlieb 1981) . Both PLP and HR are measures of within population variation.
In figure 4 , it is not surprising that Balsas teosinte has the greatest within population figure 4 , each Zea taxon possesses greater variation than the average outcrossing species. While this may be true, it may also, in part, reflect our use of two different gel systems for many enzyme systems. This method may have enabled the detection of heterogeneity that remained hidden in other studies. The values for expected heterozygosity (Hr) are, consistently, slightly higher than the observed heterozygosity (HI) (table 6). The difference between expected and observed levels of heterozygosity for the genus overall is highly significant (P < 0.0005).
Gene diversity (HT) provides a measure of overall variation in a taxon (table 6). Race Central Plateau has the greatest value for HT, followed by maize and Balsas teosinte. Zea diploperennis and Chalco teosinte have slightly less, [Volume 9 and race Nobogame slightly less than this. The two Guatemalan teosintes (Z. luxurians and Z. mays var. huehuetenangensis) have the least overall variation of any Zea. Mean genetic identity (I) among populations of the same taxon is a measure of the similarity of the populations. Small values for I indicate considerable divergence among populations. As measured by I, populations of Central Plateau teosinte show the weakest affinity to one another, followed distantly by Z. diploperennis and races Balsas and Chalco (table 5) . Maize, Z. luxurians, Nobogame teosinte and Z. mays var. huehuetenangensis populations appear to be genetically more uniform. Populations of the races and species of Zea tend to show weaker affinity to one another than do populations of other plant species (cf. Gottlieb 1981) .
Considering all four measures of variation (Hr, PLP, HT, I), the following conclusions can be drawn. (1) Zea luxurians and Z. mays var. huehuetenangensis have little variation as compared to other teosintes. (2) Zea diploperennis and Balsas teosinte have a great deal of variation, which is equitably distributed among their populations. (3) Chalco and Nobogame teosintes and maize have a moderate amount of variation within populations, but their populations retain a considerable degree of genetic similarity. (4) Central Plateau teosinte has substantial variation, both within and among populations. This may suggest that its populations are heterogeneous and isolated from one another. (5) In general, Zea species and races seem to show greater variation both within and among populations than other species. However, this may be, in part, an artifact of different methods employed here and elsewhere.
We have not included Zea perennis in this discussion of diversity because it is a tetraploid, and thus, not directly comparable to the diploids. However, it maintains substantial diversity, as can be seen from the spread of its populations on figure 1 . Also, the average number of alleles per sample of Z. perennis was 34.3, compared to 38.2 for Z. diploperennis, 35.7 for Z. mays subsp. mexicana, 30.5 for Z. luxurians, 43.7 for maize, and 46.7 for Balsas teosinte.
SUMMARY
The isozyme data presented here and elsewhere augment our understanding of taxonomic and evolutionary relationship in Zea.
These data, when considered with other information, show Zea luxurians, Z. perennis, and Z. diploperennis to be distinct from other Zea and from one another. At the same time, these three species show a certain degree of affinity to one another, and thus, may be placed into sect. Luxuriantes. The annual teosintes of Mexico and maize have a close relationship to one another. Within the Mexican annual teosintes, isozyme data show close correspondence with ecological and morphological observations and separate the large-spikeleted, arid, upland form (subsp. mexicana) from the smaller-spikeleted, more mesic, middle-elevation populations (var. parviglumis or Balsas). Of these two forms of Mexican annual teosinte, the middle-elevation type shows the greatest isoenzymatic similarity to maize. This is somewhat surprising because the upland forms have been generally regarded as the more maize-like in gross morphology. Annual teosinte from western Guatemala (Z. mays var. huehuetenangensis) is distinct from other Zea; however, it shows its closest affinity to Z. mays var. parviglumis from the Balsas river drainage.
In regard to introgression, our data suggest that some populations of race Central Plateau could be contaminated by maize. Further, a few plants of Z. luxurians and Z. diploperennis had isozymes otherwise typical of maize. This could be interpreted as evidence for low-level introgression from maize.
Finally, the levels of variation within and among populations in Zea taxa varies considerably. Zea luxurians and Z. mays var. huehuetenangensis seem to have the least variation, while Central Plateau and Balsas teosintes and Z. diploperennis seem to have the greatest. In general, Zea taxa seem to have more variation than most other plant species for which isozyme data are available. 
